Abstract. We suggest that the exit microchannel correlation indicates off-diagonal, long-rangeorder coherence and quantum chaos in dissipative heavy-ion collisions. Such a correlation is revealed in the non-self-averaging of the excitation function oscillations observed in dissipative heavy-ion collisions. We also discuss the splitting of Hilbert space into an infinite number of orthogonal subspaces due to the spontaneous breaking of rotational and inversion symmetries. This splitting is a basic element in the statistical reaction with memory approach and it also gives rise to a continuous spectrum of a bound quantum many-body system indicating quantum chaos in the infinite-time limit.
Introduction
In modern nuclear theory the relaxation of highly-excited nuclear matter is commonly considered to be a fast process compared with all other time scales of the problem. The basic argument in favour of this view is that the nucleon-nucleon interaction is very strong and also that the nucleus is a very dense system. The above picture of very fast phase randomization [1, 2] originates from studies of nuclear relaxation in a system with fixed integrals of motion and implies overdamping of the collective nuclear motion.
From our point of view, quick relaxation between states with fixed total spin (J) and/or parity (π ) values does not necessarily imply very fast relaxation between highly-excited states with different (J, π)-values. This is supported by our recent work [3, 4] . It has been suggested that a new type of quantum cooperative phenomenon-coherent nuclear motionarises from spontaneous breaking of fundamental rotational and inversion symmetries while nuclear decoherence-relaxation is due to the restoration of spontaneously broken symmetries and quantum chaos.
In [3] we have proposed a novel nuclear reaction mechanism-statistical reactions with memory and thermalized, non-equilibrated nuclear states. The existence of these new effects contradicts the Bohr independence hypothesis but is required by the Bohr correspondence principle (see the discussion in section 9 of [3] ). In this paper we develop another suggestion of the approach [3, 4] by demonstrating that spontaneous symmetry breaking, off-diagonal, long-range order coherence, quantum chaos and slow nuclear relaxation give rise to the exit microchannel correlation in dissipative heavy-ion collisions (DHIC). Such a correlation is revealed in the non-self-averaging of the excitation function oscillations observed in DHIC [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . This phenomenon clearly cannot be understood in terms of the Ericson theory [20] of compound nucleus fluctuations.
We also briefly discuss the splitting of Hilbert space into an infinite number of orthogonal subspaces [3] arising from the spontaneous breaking of rotational and inversion symmetries. This splitting is a basic element in the statistical reaction with memory approach [3, 4] and it also gives rise to a continuous spectrum of motion of a bound quantum many-body system implying quantum chaos in the infinite-time limit.
Off-diagonal long-range order, quantum chaos and channel-channel correlation in DHIC
The fluctuating S-matrix with total spin (J ) and parity (π ) can be represented in the form [4] 
wherē
In equations (1)- (3), E is the total energy of the system, φ is the average deflection angle due to the J -dependence of the potential phase shifts, /D → ∞, where and D are the average total decay width and level spacing, respectively, and E is an orthogonal matrix [3, 4] . Note that the normalizedγ 's andξ 's as well as the normalized S-matrix elements (2) do not depend on l a(b) and j a(b) due to the continuum-continuum correlation coupling [3, 4] . The average partial reaction probability W ab (J, I ) has the J -window form (3), where I 1 is the average total spin and d I is the J -window width.
The main result of the approach [3, 4] is thatγ
where, for J = J ,
with ω the angular velocity of the coherent nuclear rotation and β the S-matrix spin and parity decoherence width [3, 4] . The correlation (5) and (6) originates [3, 4] from the infinitesimally small entrance-exit off-diagonal (J, π )-correlation betweenξ
. It can be shown [3, 4] that switching off the correlation between theξ 's by means of a properly applied limiting procedure does not result in the vanishing of the correlation (5) and (6) . Therefore, the origin of the correlation (5) and (6) between theγ 's resembles spontaneous symmetry breaking, which implies that ρ J π,J π µν (ā =b) does not depend on the a =b indices [3, 4] 
. This is the first precondition for the explanation of the non-self-averaging of the excitation function oscillations in DHIC.
By considering theS-matrix elements (2) as Gaussian stationary stochastic processes [1] , the energy autocorrelation function of the experimentally measured cross section can be expressed in terms of
whereb =b and E ± = E ± ε/2, with the overbar denoting the ensemble averaging. At first sight one may wish to calculate the correlation (7) by directly using equation (2) as well as the correlation properties (5) and (6) . In this case, one obtains
where [4] , for J = J ,
However, equation (8) is not always correct. The reason for this is that in calculating the correlation (7) we need to also take into account the constraint
which follows from equations (8.1)-(8.3) of [3] . In equation (10), R J π,I π µāb is proportional to the expression (8.3) in [3] . Substituting equation (10) into (2) 
where
Since we neglect the intrinsic spins of the colliding ions, the J -value determines the total parity uniquely. Accordingly, in the following we will omit the parity labels. We next calculate the correlation (7) for relatively small β-values, i.e. /β d. Making use of equation (11) we obtain correlation (15) as compared to that given by equations (8) and (9), and (ii) appearance of the diagonal spin-spin correlations which are absent in (8) . One also notes that the correlation (15) vanishes under the condition β/ → 0, i.e. when quantum chaos is strongly suppressed and the coherent rotation is regular and periodic [4] . Therefore, the non-vanishing of β is a second precondition for the non-self-averaging of the excitation function oscillations in DHIC.
We recall that β/h has the physical meaning of the imaginary part of the angular velocity of the coherent nuclear rotation [4] . This quantity also determines the rate of spin and parity S-matrix decoherence [3, 4] . This supports the suggestion [4] that the non-selfaveraging of the excitation function oscillations in DHIC is due to the S-matrix spin and parity decoherence and damping of the coherent nuclear rotation, which are quantum chaotic phenomena [3, 4] resulting from the statistical relaxation in the discrete spectrum on finite time intervals [21, 22] .
Equations (15) and (16) 
(E). Accordingly, the constraint (10) is no longer significant in the calculation of the correlation (7), so that for β/ → ∞, equations (8) and (9) (8), (9), (15) and (16)), which results in the washing out of the excitation function oscillations. It can also be seen that the oscillations wash out in the compound nucleus limit β/ → ∞ (see equations (8) and (9)). However our preliminary considerations suggest that the entranceexit channel correlation may abruptly collapse already for finite β-width, resulting in the washing out of the excitation function oscillations.
Note that the non-vanishing of the correlation (7) and (15) leads to an instability of the S-matrix unitarity condition for fixed (J, π)-values provided the states of the intermediate system with different total spin and parity values are simultaneously excited (to be reported elsewhere).
The statistical properties of the oscillating excitation functions, which are measured in experiments (i.e. summed inevitably over a very large number of exit microchannels), can be studied using the quantitȳ
where the ensemble averaging is performed under the condition that the S-matrix elements are considered to be Gaussian stationary stochastic processes [1] . In order to estimate the energy scale of the introduced new quantity β [3, 4] we have analysed the experimental data obtained for the excitation function oscillations in the 19 F + 89 Y DHIC with E lab ( 19 F) = 135-143.25 MeV incident energy [7] . A recent measurement [19] of the same system is consistent with that of [7] . This provides conclusive evidence that the excitation functions for the 19 F + 89 Y dissipative reaction products close in mass to the projectile are not smooth and structureless, but do indeed show 5-15% oscillatory structure with a characteristic smallest coherence length of about 100 keV. We obtained [19, 24] β = 3.5 keV. This is consistent with the recent analysis [25] of oscillating excitation functions in the 28 Si + 64 Ni strongly dissipative reaction [5, 6] , which gave β = 3.7 keV. It should be mentioned that β is the S-matrix spin and parity relaxation width. To our knowledge, such an unusually slow relaxation cannot be associated with any experimentally detected or theoretically known nuclear relaxation mechanisms, where the typical relaxation widths are three orders of magnitude greater than the above values of β.
We suggest that the quantum chaotic phenomenon of decoherence-relaxation can be considered as a constructive process of development or searching for unexplored regions of the available phase space of the highly-dense complex system. This applies to finite time intervals until a higher level of complexity is reached thereby providing the conditions for a consequential spontaneous symmetry breaking and so on. We believe that quantum chaotic phenomena may be relevant for the modelling of complex self-development on finite-timeinterval systems. In contrast, a strong suppression of chaos results in simple periodic motion and can be associated with a brain pathological state [26] .
Note that while we are concerned here with the spontaneous breaking of rotational and inversion symmetries, it is of interest to extend the modification [3, 4] of the conventional random-matrix approach to study the spontaneous breaking of translational symmetry. While the spontaneous breaking of rotational and inversion symmetries gives rise to a macroscopic angular velocity with a given quasi-spin I and thereby a macroscopic moment of inertia, the spontaneous breaking of translational symmetry would generate a linear velocity with a given quasi-momentum and thus a macroscopic mass of the complex macro-object.
Spontaneous symmetry breaking and quantum chaos in the infinite-time limit
One of the basic elements for the justification of the statistical reactions with memory approach [3, 4] and thereby obtaining an entrance-exit correlation in DHIC is the splitting of Hilbert space into an infinite number of orthogonal subspaces. This splitting also affects the spectrum of motion of a bound quantum system with a finite number of degrees of freedom and whose classical counterpart is chaotic.
Let H be a rotationally invariant and parity conserving Hamiltonian of the system
We introduce a rotationally and inversionally non-invariant perturbation 
where the normalized functionsφ
are not eigenfunctions of spin and parity and are given by equations (3.29) and (4.1) of [3] . In equation (20) , the u k are eigenvalues of a real symmetric matrix A ij = (x i y j + x j y i )/2, where (x i , y i ) are the sets of real random Gaussian stationary variables which, in the limit N → ∞, constitute two independent Gaussian ensembles and have the properties [3] , where a real orthogonal U ikmatrix diagonalizes the symmetric A ij -matrix, the Hamiltonian (18) can be represented in the form
Conclusion
In conclusion we suggest that spontaneous symmetry breaking and the splitting of Hilbert space into an infinite number of orthogonal subspaces indicate a link between (i) the statistical reactions with memory approach and thermalized, non-equilibrated nuclear matter [3, 27] , (ii) the damping of the coherent nuclear motion [4] , slow nuclear decoherencerelaxation, channel-channel correlation in DHIC [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] and nuclear pulsars [19] , and (iii) structural instability of the conventional random-matrix theory, a transition to a continuous spectrum in bound quantum chaotic systems and the macroscopic limit of quantum mechanics. This link is suggested by the Bohr correspondence principle (see [21] and section 9 in [3] ).
